Abstract. Developmental inadequacy in hepatic antioxidant defenses may contribute to chemical toxicity and pediatric liver diseases. We measured a comprehensive panel of antioxidants in liver tissue from 27 normal pediatric donors. Glutathione reductase declined with age (P = 0.008, r = −0.54, Spearman) while microsomal glutathione-S-transferase increased (GST, P<0.001, r = 0.81). Males had significantly lower superoxide dismutase and vitamin E (P<0.05) and may have lower glutathione reductase (P = 0.06), while females show less cytosolic GST (P = 0.07). Hepatic antioxidants are high in neonates, decline throughout childhood, and then increase in adolescence to adult levels.
Reactive species, including reactive oxygen species and chemical metabolites, are generally prevented from causing cell and organ damage through the actions of a coordinated set of antioxidant enzymes and compounds. This "antioxidant defense network" prevents hepatocellular damage and ultimately protects against many systemic toxicities (1, 2).
Since the development of pediatric liver detoxification is largely unknown, we measured a comprehensive panel of antioxidant enzymes and compounds in normal liver tissue from 27 pediatric donors aged 13 days -20 years. These samples were derived from post-mortem donors with healthy livers (Xenotech, Lenexa, KS, USA) and their use was approved by the University of Hawaii Institutional Review Board for Human Subjects. Because tissues were collected post mortem and ischemia causes high levels of oxidative stress, we avoided total antioxidant status or reactive species assays. However, ischemia has lesser effects on antioxidant enzymes and compounds. For example, hepatocytes can be extracted from liver up to 8 h post-mortem yet still possess enzyme activities that have a high degree of concordance with in vivo activities (3) .
In this study, we investigated glutathione-dependent antioxidant enzymes: glutathione peroxidase (GPx), gluthathione reductase (GR; commercial kits from Cayman Chemical Company, Ann Arbor, MI, USA), and glutathione-S-transferase (GST, cytosolic and microsomal forms), assayed as previously described with the substrate 1-chloro-2,4-dinitrobenzene (4). Additionally, non-glutathione antioxidant enzymes catalase (CAT), superoxide dismutase (SOD), and thioredoxin reductase (TR) were analyzed using Cayman Kits; and quinone oxido-reductase (NQO1) was measured with dichloroindophenol and dicumarol as previously described (5) . Quality control samples were prepared from pooled adult human livers (n = 50, Xenotech) assessed in triplicate to gauge the precision of each method and also provide a comparison to average antioxidant activities in adults. This pooled sample consisted of Hispanic (8%), African American (2%), and Caucasian (90%) donors, 25 men and 25 women, with an average age of 48.5 years (ranging: 21 -69). The coefficients of variation (CV) for each assay were CAT: 9.5%, GPx: 10.7%, GR: 7.5%, SOD: 9.0%, and TR 15.7% for the kit assays. For the biochemical assays, intra-and inter-day CV were 2.6% and 3.8% for cytosolic GST, 5.3% and 7.9% for microsomal GST, and 10.6% and 11.2% for NQO1.
The activities of several hepatic glutathione enzymes differed with age and sex in pediatric liver samples. Although linear correlations with age were not significant for GPx and cytosolic GST, a consistent pattern showing highest activities in neonates and adults with lower activities between 1 and 10 years of age was observed ( Fig. 1: A and E). The activity of GR was significantly negatively correlated with age, being highest under one year of age (P = 0.0077, r = −0.54 Spearman; Fig. 1C ). The most convincing and startling finding of this study were the results from microsomal GST activities in pediatric liver. Microsomal GST activities were extremely low in neonatal liver and increased significantly as children aged, appearing to plateau some time in the teenage years (P<0.0001, r = 0.81 Spearman; Fig. 1G ). Males had consistently lower GR (P = 0.06, Fig. 1D ) and microsomal GST (P = 0.10, Fig. 1H ) activities than females, which may become significant with a larger sample size. The opposite is true for cytosolic GST, where females had consistently less GST activity than males (P = 0.07, Fig. 1F ).
For non-glutathione antioxidant enzymes, SOD enzymes differed significantly with age and gender. Children under 1 have significantly higher SOD activity than children aged 6 -10, but rates of neonatal SOD activity are not different than hepatic SOD activities in those aged 11 and older ( Fig. 2A , Bonferroni's multiple comparison test). SOD was also significantly lower in males than females (P<0.05, Fig. 2B ). CAT, NQO1, and TR did not change with age or gender ( Fig. 2: C -H) .
There are few clinical investigations of hepatic antioxidant status in children and even fewer comparing antioxidant status to liver disease in humans. In one study, significantly lower SOD activity was reported in the blood of children with Wilson's disease and levels of SOD activity were inversely proportional to disease severity (6) . Additionally, children with cystic fibrosis who also have decreased activity in the GSTP isoform were eight-fold more likely to develop biliary disease (7) . Finally, adult patients with non-alcoholic fatty liver disease have significantly lower hepatic glutathione content, as well as significantly lower SOD and CAT activity compared to normal liver tissue (8) . Hence, these disease-specific studies strengthen our speculation that developmentally compromised antioxidant status may be related to the etiology of pediatric liver diseases.
In addition to antioxidant enzymes, reactive species can also be removed through binding and sequestration by antioxidant compounds such as glutathione and vitamins C and E (2). In neonates, the accumulation of antioxidant compounds is highly complex and begins before birth. For example, the fat-soluble nutrient and antioxidant compound vitamin E is mainly present in the neonate through placental active transport that occurs in third trimester of pregnancy (8) . In contrast, vitamin E is primarily accumulated in children through diet (8) . Pre-term infants can have very low vitamin E status and high levels of oxidative stress, which are both implicated in sepsis, respiratory distress, and retinopathy (2, 8) . Therefore, appropriate systemic levels of neonatal and pediatric antioxidant compounds are very important.
Because blood constantly circulates and may gain or lose compounds rapidly via distribution, metabolism, and elimination, measuring antioxidant vitamins and minerals directly in liver tissue may present a more stable and accurate picture of hepatic detoxification capacity. Therefore, we measured total glutathione (Cayman Chemical Company Kit) as well as vitamin E (9) and vitamin C (10) in liver S9, which is a sub-cellular fraction that contains both microsomes and cytosol but not nuclei or mitochondria. The precision (quality control CVs) for these assays were 0.2% glutathione, 4.8% vitamin E, and 0.8% for vitamin C. Our results demonstrated that the levels of hepatic glutathione and vitamins C and E were not significantly affected by age ( Fig. 3: A -C) . Vitamin E was significantly lower in males than females (P = 0.015, t-test, Fig. 3B ), but glutathione and vitamin C were not (Fig. 3: A and D) .
The most striking findings of this study are the agerelated changes occurring in antioxidant enzymes in the pediatric liver. All of the cytosolic antioxidant enzymes, both glutathione and non-glutathione related, showed high activity in the neonatal liver that declines during childhood with a nadir around 6 -10 years and then increased to adulthood. For GPx and SOD, significant decreases were apparent, and for the remaining enzymes, a consistent trend was observed. In contrast, the microsomal GST enzymes that are anchored in the endoplasmic reticulum, show sparingly low activity in neonatal liver that increases with age, apparently peaking to adult levels in adolescence. Microsomal GST enzymes have a distinct physiological role in addition to detoxification: they are integrally involved in eicosanoid and leukotriene signaling and the production of proinflammatory stimuli (11 -13) . Since the inflammatory and immune systems are not fully developed until late childhood, it follows that inflammatory recruitment enzymes such as microsomal GST develop to the same time line.
Although small sample size is a limitation of this study, the study's strength is that the tissues derive from normal livers. Most large studies present data from patients undergoing surgery for abnormalities and these studies cannot rule out confounding of their results secondary to disease (14) . Thus, these data represent a valuable contribution to defining developmental dynamics in the normal pediatric population. Furthermore, the high level of significance despite the small sample size, argues strongly for the robustness of the data.
Oxidative stress is an initiating event for liver injury.
Mechanistically, bile acids and fat accumulate in hepatocytes, leading to pathological changes in liver architecture and function that cause clinical symptoms. Our results showing declining antioxidant capacity in childhood that is more pronounced in males are compatible with this mechanism and also with the clinical incidence of pediatric fatty liver disease, which is mainly diagnosed in males between the ages of 11 and 14 (15) . The proinflammatory role of microsomal GST enzymes also fits this paradigm because when hepatic detoxification capacity is least effective, microsomal GST peaks, increasing inflammatory stimuli and the potential for hepatocyte damage (12, 13) .
The incidence of liver disease in children is increasing and fatty liver disease is becoming one of the most serious clinical concerns in childhood (15) . This study demonstrates that antioxidant capacity in children differs with age and gender and while neonates may be well protected, children under ten have particularly low hepatic detoxification ability in comparison to either neonates or adults. We believe this provides insight into potential mechanisms for altered pediatric response to drugs and other xenobiotics and for the developmental basis of pediatric liver disease. Additional studies should focus on investigating differences in detoxification enzymes between normal and diseased liver with and without obesity to confirm and expand upon these findings. Furthermore, research into nuclear receptors and signaling pathways activated by hepatic oxidative stress and fat accumulation will be useful to define the mechanisms behind these changes and provide targets for pharmacological and clinical intervention. 
